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Cu as the in situ formed removable template. [ 33,34 ] However, 
very well-defi ned nanoframeworks found for Pt-based alloys 
could not be reproduced with these metals. Decomposition of 
Ru or Ir precursors required very high reaction temperature 
which would exert adverse effects on differentiating edges and 
facet centers. On the other hand, Rh metal precursor, namely 
Rh(acac) 3 , can be decomposed at much lower temperature than 
Ru or Ir precursors and this might lead to the formation of 
desired alloy nanoframework structures. Herein, we report the 
synthesis and application of novel RhCu nanoframe structures 
as effective OER catalysts under alkaline condition as well as 
their structure dependent-catalytic activities. 
 In a typical synthesis of a RhCu truncated octahedral nanof-
rame (RCTOF), a slurry of rhodium acetylacetonate (Rh(acac) 3 ), 
copper(II) acetylacetonate (Cu(acac) 2 ), and stearic acid (SA) in 
oleylamine (OAm) was prepared in a 100 mL Schlenk tube with 
magnetic stirring. After being placed under vacuum at 25 °C 
for 10 min, the solution was charged with 1 atm CO. Then the 
Schlenk tube was directly placed in a hot oil bath, which was 
preheated to 250 °C. After being heated at the same tempera-
ture for 30 min, the reaction mixture was cooled down to room 
temperature with magnetic stirring. The reaction mixture, after 
being added 15 mL toluene and 20 mL ethanol, was centrifuged 
at 3500 rpm for 5 min. The resulting precipitates were fur-
ther purifi ed twice by washing with 20 mL ethanol and 15 mL 
toluene. 
 Transmission electron microscopy (TEM) and high-resolu-
tion transmission electron microscopy (HRTEM) images of 
RCTOFs are shown in  Figure  1 . The average size of RCTOF 
was determined as 25.2 ± 1.2 nm (see Figure S1 in the Sup-
porting Information for size analysis). The HRTEM image 
in Figure  1 b clearly shows the structural feature of truncated 
octahedral nanoframe. An ideal model of RCTOF is depicted 
in Figure  1 c, and the purple and green planes in the model 
are perpendicular to the direction of 〈100〉 and 〈111〉, respec-
tively. An enlarged HRTEM image of the nanoframe edge 
reveals that RCTOF is composed of both RhCu alloy phase and 
Rh phase. The lattice spacing of {220} plane of edge part of 
RCTOF is measured as 0.132 nm, which is shorter than {220}
Rh ( d = 0.135 nm) but longer than {220}Cu ( d = 0.128 nm). 
However, the HRTEM image of the nanoframe vertex shows 
the presence of Rh phase; pure {111}Rh lattice ( d = 0.222 nm) 
could be identifi ed. X-ray powder diffraction (XRD) pattern of 
RCTOF also indicates the presence of both RhCu alloy phase 
and Rh phase (Figure S2, Supporting Information). In order 
to understand the structural feature of coexisting RhCu alloy 
and Rh phases in detail, we analyzed the line profi le data and 
ED pattern of RCTOF as shown in Figure S3 (Supporting 
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 Nanoparticle structure engineering has been extensively 
studied in recent years for the development of active nanocata-
lysts in energy conversion technologies such as fuel cells. [ 1–9 ] 
A great improvement in this area has been feasible with facet-
controlled nanoparticles and core–shell nanoparticles with lat-
tice mismatch, which enables surface-energy modulations. [ 10–17 ] 
Most notably, phenomenal enhancement in catalytic perfor-
mance has been accomplished by framework nanostructures 
with dramatically increased surface area per volume, and a 
great deal of current interest resides on the design and syn-
thesis of novel nanoframework structures. [ 18–23 ] Pt-based alloy 
nanoframeworks constitute a majority of nanoframeworks and 
the application of these nanostructures is mostly confi ned to 
the fuel cell electrode oxygen reduction reaction (ORR). [ 24–27 ] 
Relatively little has been studied for the preparation of non-Pt 
nanoframeworks and for the application of nanoframework 
structures in other important catalysis reactions such as oxygen 
evolution reaction (OER). Nanoparticles of metals or metal 
oxides of Ru, Rh, Ir, and Pt have been examined as electrocata-
lysts for OER, and the literature results seem to identify sur-
face area of nanocatalysts as the most important parameter for 
catalytic activity. [ 28–32 ] Therefore, it is intriguing to study cata-
lytic activities of nanoframework structures for these metals, in 
particular non-Pt metals, toward OER, and we have attempted 
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Information). The line profi le data of RCTOF show an inter-
esting Rh composition fl uctuation; the Rh count increases 
and then decreases steeply as the Rh count is collected from 
the outer shell to the inner shell, while the Cu count only 
increases at the same time. This observation is consistent 
with a structural model which exhibits a mainly Rh phase at 
www.MaterialsViews.com
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 Figure 1.  Characterization of RCTOFs. a) TEM image of RCTOF. b) HRTEM image of RCTOF. i) Enlarged HRTEM image of white marks in panel 
(b) (Inset: the fast Fourier transform (FFT) pattern along the zone axis of [111]). The orange and white marks in the magnifi ed HRTEM image represent 
{111}Rh and {220}RhCu spacings, respectively. c) An ideal model of a RCTOF. d) HRTEM images with different orientations. The zone axes of HRTEM 
images are [111], [100], and [110], respectively. e) HAADF-STEM image and corresponding elemental mapping analysis of Rh (green) and Cu (red) of 
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the outermost part of the hollow cage and CuRh phase under-
neath the Rh layer. As the reaction proceeds, the Rh precursor 
which remains in solution would be decomposed and prefer-
ably deposited at the vertex sites of RCTOF, because vertex sites 
are highly active and need to be stabilized. Similar preferred 
growth on the vertex sites has been previously reported with 
other nanostructures. [ 35–37 ] In order to better understand the 
structural feature of RCTOF, frame structures with different 
zone axes were obtained as shown in Figure  1 d. The elemental 
mapping of RCTOF in Figure  1 e shows that both Rh (green) 
and Cu (red) are evenly distributed over the entire nanostruc-
ture. The nanoframe structure consists of 54.2% Rh and 45.8% 
Cu as determined by energy dispersive X-ray study (Figure S4, 
Supporting Information). Therefore, the nanoframe composi-
tion can be described as mainly composed of RhCu, spiked by 
minor Rh phase. 
 To elucidate the formation mechanism of RCTOF, nanocrys-
tals produced with different reaction durations were studied 
by TEM images.  Figure  2 shows that the synthesis of RCTOF 
could be fi nished within 30 min. Nanoparticles collected after 
reaction for 3 min are mostly irregular-shaped Cu nanoparti-
cles (Figure S5, Supporting Information). Further heating of 
the reaction mixture converts these nanoparticles into trun-
cated concave octahedron shapes, plausibly due to the surface 
etching of truncated octahedron. The hollowing out of trun-
cated octahedral nanostructures is nearly completed at the reac-
tion time of 13 min. Finally, well-defi ned nanoframe structures 
of RCTOF are observed at 30 min. Because the decomposition 
of Rh starts after the formation of Cu nanoparticles, Galvanic 
replacement occurring on preexisted Cu nanoparticles seems to 
be an important reaction mechanism leading to the formation 
of hollow nanostructures. 
 An interesting morphological development was observed 
when 1,2-hexadecanediol was added to the initial reaction 
mixture (as shown in  Figure  3 ). Decomposition and reduction 
rates of Rh(acac) 3 and Cu(acac) 2 can be strongly facilitated by 
the existence of reducing agent 1,2-hexadecanediol. Because 
Cu nanoparticles are formed at the initial stage and more Rh 
doping to the initially formed Cu seeds is feasible due to the 
www.MaterialsViews.com
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 Figure 2.  Temporal TEM images of RCTOF obtained at a) 3 min, b) 6 min, 
c) 13 min, and d) 30 min, respectively.
 Figure 3.  Characterization of RhCu hollow nanocube structures. TEM images of RhCu nanocube at reaction times of a) 10 min and b) 30 min, respec-
tively. c) Ideal model of RhCu hollow nanocube and elemental mapping analysis of Rh (green) and Cu (red). d) HAADF-STEM image of RhCu hollow 
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facilitated reduction by 1,2-hexadecanediol, 
the observed morphology of truncated cube 
appears to result from Rh doping effect on 
the Cu nanoparticle shape control. Impurity 
doping has been employed in certain cases 
to control nanoparticle shapes. [ 38,39 ] At the 
reaction time of 10 min, a truncated cube 
morphology is observed and hollowing out 
is minimal. After 30 min of reaction time, 
corners of RhCu nanocube become further 
truncated, likely due to enhanced Cu etching 
at vertex sites. Elemental mapping analysis 
in Figure  3 c shows that RhCu hollow nano-
cubes consist of the RhCu alloy phase. High 
angle annular dark fi eld - scanning transmis-
sion electron microscopy (HAADF-STEM) 
and line profi le data (Figure  3 d) indicate that 
the edges and facets are composed of both 
Rh and Cu. Constant Rh/Cu ratio was found 
over the entire nanoframe structure. 
 An interesting morphology of a bundle 
of fi ve nanowires with both ends tied (RhCu 
fi vefold twinned nanoframes, RCFTF) was 
obtained by aging the reaction mixture at 
100 °C for 4 h under Ar gas prior to the above 
mentioned experimental procedures. The 
white arrows in  Figure  4 a point to fi ve nanow-
ires of RCFTF. We have recently shown that 
aging of Pt(acac) 2 in oleylamine (OAm) prior 
to thermal decomposition leads to the forma-
tion of fi vefold twinned Pt nanorods, [ 40 ] and 
attributed the morphology formation to the 
role of in situ formed OAm-ligated Pt precur-
sors. It is known that OAm could also coor-
dinate with Cu ion, therefore, a Cu + -OAm 
complex might be decomposed to form fi ve-
fold twinned Cu nanorods. [ 41,42 ] With this 
fi vefold twinned Cu nanorod as a template, 
the observed nanostructure of RCFTF with 
both end tied might be explained. The nano-
structure in Figure  4 a can be ideally defi ned 
as a RhCu pentagonal prism nanoframe. To 
understand the detailed mechanism for the 
formation of nanostructure of RCFTF with 
both ends tied, the structural evolution was 
studied by examining temporal TEM images of reaction mix-
ture as shown in Figure  4 b–e. The initial formation of fi vefold 
twinned Cu nanorods, localization of Rh phase on the edges, 
and selective removal of Cu by etching are clearly demonstrated. 
In summary, we could fi ne-control RhCu nanoframe structures 
by controlling the initial seed shapes, mostly Cu based. There 
has been one previous report for Rh-based octahedral nanof-
rame via formation of RhCu alloy nanoparticle and subsequent 
etching of Cu phase under acidic condition. [ 43 ] One step forma-
tion of Rh-based nanoframeworks of controlled shapes, how-
ever, is unprecedented to the best of our knowledge. 
 It was found that the formation of 3D nanoframe structure 
requires an optimal Rh to Cu ratio of 1:1. Figure S6 (Sup-
porting Information) shows the morphological evolution of 
the particles prepared with controlling concentrations of Rh 
and Cu (Rh:Cu mole ratio was varied from 4:1 to 1:4). When 
the amount of used Rh precursor was higher than that of Cu 
precursor, Cu@Rh core–shell nanooctahedron structures 
(CSNO) were obtained. The high concentration of Rh precur-
sors induced a complete encapsulation of Cu nanoparticle by 
Rh phase with eight {111}Rh facets, forming an octahedron. 
Cu atoms of Cu nanoparticles, synthesized at initial step, could 
not be etched out, because the growth of Rh phase might be 
much faster than galvanic replacement of Cu by Rh or Cu 
leaching process. Ultrasmall Rh nanoparticles and triangular 
Rh nanoplates were also synthesized because of fast Rh pre-
cursor decomposition. On the other hand, when more Cu pre-
cursors were used, higher proportion of hollow nanocages was 
www.MaterialsViews.com
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 Figure 4.  a) Magnifi ed TEM image of RCFTF; arrows indicate the fi vefold twinned nature of 
initial Cu-based nanotemplates. The inset is a simplifi ed model of RCFTF. TEM images of 
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observed. It could be explained that most of 
Cu precursors are consumed at a nucleation 
stage to form Cu-based polyhedral nanopar-
ticles. Subsequently, galvanic replacement 
of Cu by Rh occurs because of the reduc-
tion potential difference between Rh and 
Cu. In addition, Rh precursors are thermally 
decomposed on the RhCu alloy phase to form 
pure Rh phase.  Figure  5 shows TEM and 
HRTEM images of Cu@Rh octahedron with 
the average size of 18.2 ± 1.6 nm prepared 
from Rh:Cu ratio of 4:1 (see Figure S1 in the 
Supporting Information for size analysis). 
The HRTEM image and enlarged HRTEM 
images in Figure  5 b,c indicate that the lattice 
distances at octahedral vertex and facet are 
different. In section (i), the lattice distances 
suggest the presence of RhCu alloy phase; the 
measured lattice distances are 0.131, 0.189, 
and 0.210 nm and they could be indexed to 
the {220}, {002}, and {111} refl ections of 
face-centered cubic RhCu alloy, respectively. 
These lattice distances are shorter than those 
of Rh but longer than those of Cu. We could 
only observe Cu lattice parameters in section 
(ii) (yellow marks), and therefore the core 
is mostly composed of Cu phase. The ele-
mental mapping data of CSNO in Figure  5 c 
is in agreement with the nanostructure with 
a Cu-rich core and Rh-rich shell. XRD pat-
tern of CSNO indicates the presence of both 
RhCu alloy phase and Cu phase (Figure S2, 
Supporting Information). To further under-
stand the morphology and composition of 
CSNO, we obtained additional STEM images 
recorded at different tilting angles and energy 
dispersive X-ray spectroscopy data as shown 
in Figure S7 (Supporting Information). The 
atomic composition of CSNO with octahe-
dron morphology was found to be 21.9% 
Rh and 78.1% Cu. The Rh-rich shell is very 
robust as judged from the fact that the mor-
phology of CSNO is not changed even when 
placed in acetic acid (Figure S8, Supporting 
Information). 
 The morphology control of RhCu nano-
structures is critically dependent on the 
amount of SA as shown in Figure S9 (Sup-
porting Information). With SA content of 0 
equiv, only small nanoparticles with poorly 
defi ned morphologies could be seen. With 
SA content of 1 equiv, shape-controlled nano-
frameworks are prepared. As the amount of 
SA is further increased, the overall size of 
nanoparticles is increased as well. SA has 
been found to slow down the decomposition of metal precur-
sors, thereby decreasing the number of seeds, and this can 
lead to the overall increase in nanoparticle size due to the 
limited number of seeds. With the SA amount of 2 equiv, the 
hollowing out of the Cu phase is still observed. However, the 
shell thickness of hollow structures is much larger than those 
with 1 equiv SA condition. With 4 equiv of SA, no hollow struc-
tures are found, probably due to the unsuccessful role of Cu as 
www.MaterialsViews.com
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 Figure 5.  Characterization of Cu@Rh CSNO. a) TEM image of CSNO (Inset: the ideal model 
of CSNO). b) HRTEM image of CSNO. i,ii) Enlarged HRTEM images of white marks in panel 
(b). The white and yellow marks in the magnifi ed HRTEM image represent RhCu phase and Cu 
phase, respectively. c) HAADF-STEM image and corresponding elemental mapping analysis 
of Rh (green) and Cu (red) contents of Cu@Rh nanooctahedron. It is clearly shown that Rh 
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a template, because the fast formation of Cu seeds would not be 
feasible under this condition. The overall experimental condi-
tions for various RhCu bimetallic nanostructures are summa-
rized in Figure S10 (Supporting Information). 
 Catalytic activity of new nanostructures of this study was 
studied for OER. OER catalysts have been studied both in acidic 
and alkaline conditions. [ 44,45 ] In an alkaline solution, it was pre-
viously reported that the proposed reaction mechanisms have 
the initial adsorption of the hydroxide ions on the metal oxide 
surfaces as a common step. [ 46–48 ] After that, the removal of one 
proton and one electron to form a surface oxide species. There-
fore, the bonding strength between the intermediate and metal 
also implies the OER activity. While noble metal nanostructures 
show a great electrocatalytic performance in acidic condition, 
the compositional change of alloy nanoparticles, accompanied 
by structural deformations due to leaching during the catalytic 
cycle, has been a consistent problem. Therefore, rather stable 
Ru or Ir oxide only has been used as electrocatalytic materials 
in acidic condition. In contrast, alloy nanoparticles, with leach-
able component in acidic condition, can be used in alkaline 
conditions. The major problem of OER in alkaline condition is 
that catalytic performances are not very different between noble 
and nonnoble metals. In this regard, nanoframework structures 
with a high surface area seem to provide the best design con-
cept for OER catalyst for usage in alkaline solution. 
 Nanoparticle-modifi ed indiumatin oxide (ITO) electrodes 
were prepared by simple drop-drying of an ethanol dispersion 
of Rh-based nanostructures.  Figure  6 shows cyclic voltam-
mograms recorded with a bare ITO electrode and nanostruc-
tures-modifi ed ITO electrodes in 0.10  M NaOH and the voltage 
was swept from 0 to 0.8 V at a scan rate of 10 mV s −1 . A large 
increase of oxidation current occurs at ≈0.53 V for our samples. 
The mass activity of RCTOF is largest among all examined 
nanostructures and is approximately twice of that of irregular 
shaped Rh nanoparticles, as shown in Figure S11 (Supporting 
Information). The specifi c activity of RCTOF is also larger than 
that of CSNO as shown in Figure S12 (Supporting Informa-
tion). Also, the catalytic activity of RCTOF was much superior to 
those of recently reported Pt-based nanostructures (Figure S13, 
Supporting Information). [ 49 ] Metal atoms in synthesized nano-
structures could be further oxidized during the fi rst scan of 
cycle (Figure S14, Supporting Information). The catalytic 
activity, however, was stabilized from second scan, plausibly 
because the surface of RhCu alloy nanostructures was fully oxi-
dized during the fi rst scan. In addition, the RCTOF and CSNO 
exhibited a high durability throughout electrochemical opera-
tion; after 100 potential cycles, the catalytic performances of 
both nanostructures were preserved. TEM image in Figure S15 
(Supporting Information) also shows that the structural feature 
of nanoframework has been preserved even after 100 cycles. 
On the other hand, the catalytic activity of CSNO and RCFTF 
was inferior to that of Rh nanoparticles. An important cata-
lytic activity parameter is the surface area per volume, and it is 
clear that RCTOF exhibits more surface area than CSNO and 
Rh nanoparticles; both the interior and exterior of 3D nanof-
rameworks can be accessible for the catalysis. To evaluate the 
effi ciency of the catalytic reaction, we analyze the Tafel plot 
derived from the polarization curves. The RCTOF exhibits a 
Tafel slope of 68.2 mV decade −1 in 0.1  M NaOH, which is lower 
than that of CSNO (81.2 mV decade −1 ) as shown in Figure S16 
(Supporting Information). The obtained Tafel slope values sug-
gest that RCTOF is a more favorable nanostructure than CSNO 
for OER. At a glance, RCFTF seems to exhibit a comparable 
surface area to that of RCTOF, thus not explaining its poor 
catalytic activity. The OER catalytic activity might also be infl u-
enced by the oxidation states of metal nanoparticle. Therefore, 
we obtained the X-ray photoelectron spectroscopy (XPS) data of 
RCTOF, CSNO, and RCFTF (Figure S17, Supporting Informa-
tion). The peaks located at 307.4, 308.3, 312.1, and 313.3 eV 
could be assigned to Rh(0) 3d 5/2 , Rh(III) 3d 5/2 , Rh(0) 3d 3/2 , 
and Rh(III) 3d 3/2 , respectively. From XPS analysis, it is found 
that all of our samples exhibit both Rh(0) and Rh(III) states. 
We suspected that a nanoparticle containing high proportion 
of already oxidized atoms would experience a smaller degree 
of oxidation during the fi rst scan and, therefore, lesser degree 
of detachment from the electrode surface, which would result 
in poor catalytic performance. The XPS analysis of RCTOF 
showed more than half of Rh atoms are present in oxidized 
forms (63.2%) on the surface. The amount of Rh(III) oxidation 
states in CSNO and RCFTF, however, are 23.9%, and 32.2%, 
respectively, which are smaller than that of RCTOF. Therefore, 
high proportion of oxidized Rh atoms in RCTOF might be 
responsible for the observed high catalytic activity. Core–shell 
effects due to the lattice mismatch between the core and shell 
were also identifi ed as activity-enhancing parameter for ORR 
catalysis. [ 49 ] However, CSNO with a Cu core and a RhCu shell 
does not seem to exhibit such catalysis enhancing property for 
OER. In order to study the relevance of surface area to the cata-
lytic performance, the Bruner–Emmett–Teller (BET) surface 
areas of the samples were obtained by using a conventional 
BET single-point N 2 physisorption apparatus (Figure S18, Sup-
porting Information). The samples were carefully dried at 120 
°C under vacuum before analysis. The specifi c surface areas 
of RCTOF and CSNO were found to be 15.93 and 6.96 m 2 g −1 , 
respectively. The surface area of RCTOF is roughly twice of 
CSNO, and therefore surface area seems to play an important 
role in the observed catalytic activity. In short, the surface area 
enhanced 3D nanoframework structure with easily oxidized 
 Figure 6.  Cyclic voltammograms of RCTOF/ITO, Rh particles/ITO, 
CSNO/ITO, RCFTF/ITO, and bare ITO electrode at the scan rate of 
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metal atoms might be useful in boosting the catalytic activity 
for OER. 
 In summary, we demonstrated one pot synthesis of a RhCu 
alloy truncated octahedral nanoframe, a Cu@Rh core–shell 
nanoparticle, and a bundle of fi ve RhCu nanowires by under-
standing the crystal growth mechanism of RhCu alloy nanopar-
ticles and by utilizing the in situ destabilization of Cu phase. 
The RhCu truncated octahedral nanoframe structure, in par-
ticular, exhibits a superior electrocatalytic performance toward 
OER to other nanostructures under alkaline condition, and the 
unique accessibility and high surface area per volume of the 
3D nanoframe structure seem to be responsible for its excel-
lent catalytic activity. A further study to extend the synthetic 
approach to other nanoframe structures and to fi ne-tune their 
catalytic performance toward OER under alkaline condition is 
currently under way. 
 Experimental Section 
 Preparation of RCTOF : A slurry of Rh(acac) 3 (0.02 mmol), Cu(acac) 2 
(0.02 mmol), stearic acid (0.04 mmol), and oleylamine (15 mmol) 
was prepared in a 100 mL Schlenk tube with magnetic stirring. After 
placing the solution under vacuum at 25 °C for 10 min, the solution was 
charged with 1 atm CO. Then the Schlenk tube was directly placed in a 
hot oil bath, which was preheated to 250 °C. After heating at the same 
temperature for 30 min, the reaction mixture was cooled down to room 
temperature with magnetic stirring. The reaction mixture, after being 
cooled down to room temperature and being added 15 mL toluene and 
20 mL ethanol, was centrifuged at 3500 rpm for 5 min. The resulting 
precipitates were further purifi ed two times by washing with 20 mL 
ethanol and 10 mL toluene. 
 Preparation of Cu@Rh Core–Shell Nanoctahedron (CSNO) : A slurry of 
Rh(acac) 3 (0.08 mmol), Cu(acac) 2 (0.02 mmol), stearic acid (0.04 mmol), 
and oleylamine (15 mmol) was prepared in a 100 mL Schlenk tube with 
magnetic stirring. After placing the solution under vacuum at 25 °C for 
10 min, the solution was charged with 1 atm CO. Then the Schlenk tube 
was directly placed in a hot oil bath, which was preheated to 250 °C. 
After heating at the same temperature for 30 min, the reaction mixture 
was cooled down to room temperature with magnetic stirring. The 
reaction mixture, after being cooled down to room temperature and 
being added 15 mL toluene and 20 mL ethanol, was centrifuged at 
3500 rpm for 5 min. The resulting precipitates were further purifi ed two 
times by washing with 20 mL ethanol and 10 mL toluene. 
 Preparation of RhCu Hollow Nanocube : A slurry of Rh(acac) 3 
(0.02 mmol), Cu(acac) 2 (0.02 mmol), stearic acid (0.04 mmol), 
1,2-hexadecanediol (0.02 mmol), and oleylamine (15 mmol) was 
prepared in a 100 mL Schlenk tube with magnetic stirring. After placing 
the solution under vacuum at 25 °C for 10 min, the solution was 
charged with 1 atm CO. Then the Schlenk tube was directly placed in a 
hot oil bath, which was preheated to 250 °C. After heating at the same 
temperature for 30 min, the reaction mixture was cooled down to room 
temperature with magnetic stirring. The reaction mixture, after being 
cooled down to room temperature and being added 15 mL toluene and 
20 mL ethanol, was centrifuged at 3500 rpm for 5 min. The resulting 
precipitates were further purifi ed two times by washing with 20 mL 
ethanol and 10 mL toluene. 
 Preparation of a Bundle of Five Nanowires with Both Ends Tied (RCFTF) : 
A slurry of Rh(acac) 3 (0.02 mmol), Cu(acac) 2 (0.02 mmol), stearic 
acid (0.04 mmol), 1,2-hexadecanediol (0.02 mmol), and oleylamine 
(15 mmol) was prepared in a 100 mL Schlenk tube with magnetic 
stirring. The tube, placed in the oil bath, was heated to 100 °C and 
purged with Ar gas for 4 h. Then the Schlenk tube was directly placed in 
a hot oil bath, which was preheated to 250 °C. After heating at the same 
temperature for 30 min, the reaction mixture was cooled down to room 
temperature with magnetic stirring. The reaction mixture, after being 
cooled down to room temperature and being added 15 mL toluene and 
20 mL ethanol, was centrifuged at 3500 rpm for 5 min. The resulting 
precipitates were further purifi ed two times by washing with 20 mL 
ethanol and 10 mL toluene. 
 Electrochemical Measurement : Before measuring electrocatalytic 
activity of nanoparticles, nanoparticles were treated with acetic acid to 
remove organic ligands. The synthesized nanoparticles were put into vial 
with 2 mL Ethanol and 2 mL acetic acid and stirred for 3 h at 60 °C in oil 
bath. After acetic acid treatment, the nanoparticles were separated and 
washed by centrifuge and dried in desiccator for 24 h. 
 ITO electrodes were obtained from Corning (Daegu, Korea) and 
pretreated by dipping in 1  M HCl for 10 min. To prepare nanoparticle-
modifi ed electrodes, 70 µL of an ethanol solution containing 100 µg mL −1 
each nanoparticle was dropped onto ITO electrodes (1 cm × 2 cm). 
Afterward, the electrodes were dried at 80 °C for 10 min. Electrochemical 
measurements were carried out using CHI 617 (CH Instruments, Inc., 
Austin, TX, USA). A Tefl on electrochemical cell was assembled with an 
ITO working electrode, an Ag/AgCl (3  M NaCl) reference electrode, and 
a Pt counter electrode. The exposed electrode area was 0.28 cm 2 . Every 
cyclic voltammogram corresponds to the second scan of two successive 
cyclic scans. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
 Acknowledgements 
 This work was supported by NRF-2013R1A2A201015168, BioNano 
Health-Guard Research Center funded by the Ministry of Science, 
Information and Communication Technology (ICT) and Future 
Planning of Korea as Global Frontier Project (Grant No. H-GUARD_
NRF 2013M3A6B2078946), and IBS-R023-D1-2015-a00. The authors 
also thank KBSI for allowing the usage of their HRTEM instruments. 
The authors thank Sunhee Cho for technical assistance with material 
preparation. 
Received:  July 16, 2015 
Revised:  August 25, 2015 
Published online: September 25, 2015 
[1]  H.-I.  Liu ,  F.  Nosheen ,  H.  Wang ,  Chem. Soc. Rev.  2015 ,  44 ,  3056 . 
[2]  Y.  Nie ,  L.  Li ,  Z.  Wei ,  Chem. Soc. Rev.  2015 ,  44 ,  2168 . 
[3]  J.  Gu ,  Y.-W.  Zhang ,  F.  Tao ,  Chem. Soc. Rev.  2012 ,  41 ,  8050 . 
[4]  H. A.  Gasteiger ,  N. M.  Markovic´ ,  Science  2009 ,  324 ,  48 . 
[5]  Y.  Xia ,  Y.  Xiong ,  B.  Lim ,  S. E.  Skrabalak ,  Angew. Chem. Int. Ed.  2009 , 
 48 ,  60 . 
[6]  M. H.  Huang ,  P.-H.  Lin ,  Adv. Funct. Mater.  2012 ,  22 ,  14 . 
[7]  A. R.  Tao ,  S.  Habas ,  P.  Yang ,  Small  2008 ,  4 ,  310 . 
[8]  K.  Lee ,  M.  Kim ,  H.  Kim ,  J. Mater. Chem.  2010 ,  20 ,  3791 . 
[9]  M.  Kim ,  V. N.  Phan ,  K.  Lee ,  CrystEngComm  2012 ,  14 ,  7535 . 
[10]  J.  Zhang ,  F. H. B.  Lima ,  M. S.  Shao ,  K.  Sasaki ,  J. X.  Wang ,  J.  Hanson , 
 R. R.  Adzic ,  J. Phys. Chem. B  2005 ,  109 ,  22701 . 
[11]  P.  Strasser ,  S.  Koh ,  T.  Anniyev ,  J.  Greeley ,  K.  More ,  C.  Yu ,  Z.  Liu , 
 S.  Kaya ,  D.  Nordlund ,  H.  Ogasawara ,  M. F.  Toney ,  A.  Nilsson ,  Nat. 
Chem.  2010 ,  2 ,  454 . 
[12]  D.  Wang ,  H. L.  Xin ,  R.  Hovden ,  H.  Wang ,  Y.  Yu ,  D. A.  Muller , 
 F. J.  DiSalvo ,  H. D.  Abruña ,  Nat. Mater.  2013 ,  12 ,  81 . 
[13]  A. M.  Smith ,  A. M.  Mohs ,  S.  Nie ,  Nat. Nanotech.  2009 ,  4 ,  56 . 
[14]  X.  Zhao ,  S.  Chen ,  Z.  Fang ,  J.  Ding ,  W.  Sang ,  Y.  Wang ,  J.  Zhao , 












1500252 (8 of 8) wileyonlinelibrary.com © 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Sci. 2016, 3, 1500252
www.MaterialsViews.com
www.advancedscience.com
[15]  S. E.  Habas ,  H.  Lee ,  V.  Radmilovic ,  G. A.  Somorjai ,  P.  Yang ,  Nat. 
Mater.  2007 ,  6 ,  692 . 
[16]  N. T.  Khi ,  H.  Baik ,  H. K.  Lee ,  J.  Yoon ,  J.-H.  Sohn ,  K.  Lee ,  Nanoscale 
 2014 ,  6 ,  11007 . 
[17]  J.  Yoon ,  H.  Baik ,  S.  Lee ,  S. J.  Kwon ,  K.  Lee ,  Nanoscale  2014 ,  6 , 
 6434 .  
[18]  J. E.  Macdonald ,  M. B.  Sadan ,  L.  Houben ,  I.  Popov ,  U.  Banin ,  Nat. 
Mater.  2010 ,  9 ,  810 . 
[19]  B. Y.  Xia ,  H. B.  Wu ,  X.  Wang ,  X. W.  Lou ,  J. Am. Chem. Soc.  2012 , 
 134 ,  13934 . 
[20]  Y.  Jia ,  Y.  Jiang ,  J.  Zhang ,  L.  Zhang ,  Q.  Chen ,  Z.  Xie ,  L.  Zheng ,  J. Am. 
Chem. Soc.  2014 ,  136 ,  3748 . 
[21]  M. A.  Mahmoud ,  W.  Qian ,  M. A.  El-Sayed ,  Nano Lett.  2011 ,  11 , 
 3285 . 
[22]  F.  Nosheen ,  Z.  Zhang ,  J.  Zhuang ,  X.  Wang ,  Nanoscale  2013 ,  5 ,  3660 . 
[23]  S.-B.  Wang ,  W.  Zhu ,  J.  Ke ,  J.  Gu ,  A.-X.  Yin ,  Y.-W.  Zhang ,  C.-H.  Yan , 
 Chem. Commun.  2013 ,  49 ,  7168 . 
[24]  C.  Chen ,  Y.  Kang ,  Z.  Huo ,  Z.  Zhu ,  W.  Huang ,  H. L.  Xin ,  J. D.  Snyder , 
 D.  Li ,  J. A.  Herron ,  M.  Mavrikakis ,  M.  Chi ,  K. L.  More ,  Y.  Li , 
 N. M.  Markovic ,  G. A.  Somorjai ,  P.  Yang ,  V. R.  Stamenkovic ,  Science 
 2014 ,  343 ,  1339 . 
[25]  L.  Han ,  H.  Liu ,  P.  Cui ,  Z.  Peng ,  S.  Zhang ,  J.  Yang ,  Sci. Rep.  2014 ,  4 , 
 6414 . 
[26]  C.  Cui ,  L.  Gan ,  M.  Heggen ,  S.  Rudi ,  P.  Strasser ,  Nat. Mater.  2013 , 
 12 ,  765 . 
[27]  A.  Oh ,  H.  Baik ,  D. S.  Choi ,  J. Y.  Cheon ,  B.  Kim ,  H.  Kim ,  S. J.  Kwon , 
 S. H.  Joo ,  Y.  Jung ,  K.  Lee ,  ACS Nano  2015 ,  9 ,  2856 . 
[28]  K. C.  Neyerlin ,  G.  Bugosh ,  R.  Forgie ,  Z.  Liu ,  P.  Strasser ,  J. Electro-
chem. Soc.  2009 ,  156 ,  B363 . 
[29]  J. M.  Campelo ,  D.  Luna ,  R.  Luque ,  J. M.  Marinas ,  A. A.  Romero , 
 ChemSusChem  2009 ,  2 ,  18 . 
[30]  H. N.  Nong ,  L.  Gan ,  E.  Willinger ,  D.  Teschner ,  P.  Strasser ,  Chem. 
Sci.  2014 ,  5 ,  2955 . 
[31]  C. C. L.  McCrony ,  S.  Jung ,  J. C.  Peters ,  T. F.  Jaramillo ,  J. Am. Chem. 
Soc.  2013 ,  135 ,  16977 . 
[32]  T.  Reier ,  M.  Oezaslan ,  P.  Strasser ,  ACS Catal.  2012 ,  2 ,  1765 . 
[33]  D.  Yoon ,  S.  Park ,  J.  Park ,  J.  Kim ,  H.  Baik ,  H.  Yang ,  K.  Lee ,  Nanoscale 
 2014 ,  6 ,  12397 . 
[34]  S.  Bang ,  D.  Yoon ,  J.  Kim ,  H.  Baik ,  H.  Yang ,  K.  Lee ,  CrystEngComm 
 2015 ,  17 ,  4084 . 
[35]  S.  Xie ,  N.  Lu ,  Z.  Xie ,  J.  Wang ,  M. J.  Kim ,  Y.  Xia ,  Angew. Chem. Int. 
Ed.  2012 ,  51 ,  10266 . 
[36]  Y.  Wu ,  D.  Wang ,  G.  Zhou ,  R.  Yu ,  C.  Chen ,  Y.  Li ,  J. Am. Chem. Soc. 
 2014 ,  136 ,  11594 . 
[37]  M.  Liu ,  Y.  Zheng ,  S.  Xie ,  N.  Li ,  N.  Lu ,  J.  Wang ,  M. J.  Kim ,  L.  Guo , 
 Y.  Xia ,  Phys. Chem. Chem. Phys.  2013 ,  15 ,  11822 . 
[38]  D.  Chen ,  Y.  Wang ,  Nanoscale  2013 ,  5 ,  4621 . 
[39]  N. S.  Karan ,  S.  Sarkar ,  D. D.  Sarma ,  P.  Kundu ,  N.  Ravishankar , 
 N.  Pradhan ,  J. Am. Chem. Soc.  2011 ,  133 ,  1666 . 
[40]  J.  Yoon ,  N. T.  Khi ,  H.  Kim ,  B.  Kim ,  H.  Baik ,  S.  Back ,  S.  Lee , 
 S.-W.  Lee ,  S. J.  Kwon ,  K.  Lee ,  Chem. Commun.  2014 ,  6 ,  10551 . 
[41]  E.  Ye ,  S.-Y.  Zhang ,  S.  Liu ,  M.-Y.  Han ,  Chem. Eur. J.  2011 ,  17 ,  3074 . 
[42]  H.-J.  Yang ,  S.-Y.  He ,  H.-Y.  Tuan ,  Langmuir  2014 ,  30 ,  602 . 
[43]  Z.-P.  Zhang ,  W.  Zhu ,  C.-H.  Yan ,  Y.-W.  Zhang ,  Chem. Commun.  2015 , 
 51 ,  3997 . 
[44]  C. C. L.  McCrony ,  S.  Jung ,  I. M.  Ferrer ,  S. M.  Chatman ,  J. C.  Peters , 
 T. F.  Jaramillo ,  J. Am. Chem. Soc.  2015 ,  137 ,  4347 . 
[45]  M. G.  Walter ,  E. L.  Warren ,  J. R.  McKone ,  S. W.  Boettcher ,  Q.  Mi , 
 E. A.  Santori ,  N. S.  Lewis ,  Chem. Rev.  2010 ,  110 ,  6446 . 
[46]  V. I.  Briss ,  J. Electrochem. Soc.  1986 ,  133 ,  1621 . 
[47]  E.  Fabbri ,  A.  Habereder ,  K.  Waltar ,  R.  Kotz ,  T. J.  Schmidt ,  Catal. Sci. 
Technol.  2014 ,  4 ,  3800 . 
[48]  J.  Rossmeisl ,  Z. W.  Qu ,  H.  Zhu ,  G. J.  Kroes ,  J. K.  Nørskov ,  J. Elec-
troanal. Chem.  2007 ,  607 ,  83 . 
[49]  J.  Ding ,  X.  Zhu ,  L.  Bu ,  J.  Yao ,  J.  Guo ,  S.  Guo ,  X.  Huang ,  Chem. 
Commun.  2015 ,  51 ,  9722 . 
